Abstract. We examine the influence of aggregation errors on developing estimates of regional soil-CO2 flux from temperate forests. We find daily soil-CO2 fluxes to be more sensitive to changes in soil temperatures (Ql0 = 3.08) than air temperatures (Q l0 = 1.99). The direct use of mean monthly air temperatures with a daily flux model underestimates regional fluxes by approximately 4%. Temporal aggregation error varies with spatial resolution. Overall, our calibrated modeling approach reduces spatial aggregation error by 9.3% and temporal aggregation error by 15.5%. After minimizing spatial and temporal aggregation errors, mature temperate forest soils are estimated to contribute 12.9 Pg C yr -l to the atmosphere as carbon dioxide. Georeferenced model estimates agree well with annual soil-CO2 fluxes measured during chamber studies in mature temperate forest stands around the globe.
Introduction
The evolution of carbon dioxide from soils is a major source of carbon to the atmosphere. On a global scale, soils are estimated to contribute 50-75 Pg C as carbon dioxide to the atmosphere each year [Schlesinger, 1977; Houghton and Woodwell, 1989; Raich and Schlesinger, 1992] . This contribution represents 20-38% of all the carbon dioxide entering the atmosphere [cf. Post et al., 1990 ] from both natural and anthropogenic sources, including fossil fuel emissions. As the world continues to change, soil-CO: fluxes to the atmosphere may be altered over large regions, leading to changes in the global carbon budget. To quantify such changes, field measurements of soil-CO: flux must be aggregated over space and time to develop regional estimates of soil-CO: flux. The approach used to develop regional estimates from site-specific flux measurements may lead to large aggrega-The spatial distribution of climatic factors can be described by georeferenced databases. If the observed relationship between soil-CO2 fluxes and temperature and/or moisture can be defined in a model, the data in georeferenced databases can be used as input into the model to provide geographically specific estimates of soil-CO2 fluxes [see also Burke et al., 1991] . Regional estimates of soil-CO2 fluxes are then obtained by summing the georeferenced fluxes over the area of interest. Unlike the approach based on mean fluxes for biomes, the extrapolation of a model with georeferenced databases allows better consideration of the variability in soil-CO2 fluxes due to the spatial variability of climate. Using annual soil-CO2 flux estimates from field studies at many sites across the globe, Raich and Schlesinger [1992] have already developed several equations relating annual soil-CO2 fluxes to mean annual air temperature and/or annual precipitation. Although regional estimates determined by these equations account for more spatial variability in soil-CO2 fluxes than those estimates based on mean biome fluxes, they still do not consider temporal variability in soil-CO2 fluxes.
The georeferenced temperature and precipitation databases that are readily available have a monthly resolution [Legates and Willmott, 1990a, b; Leemans and Cramer, 1991] , whereas field measurements of soil-GO2 flux have a temporal resolution of hours to days. Therefore soil-CO2 flux measurements must be aggregated over time before a flux model can be extrapolated over a region using these georeferenced databases. As soil-CO2 fluxes are always varying, the inability of an aggregation approach to account for temporal variations in fluxes will lead to temporal aggregation error.
To determine monthly or annual soil-CO2 fluxes, investigators have used a variety of approaches to aggregate the hourly or daily fluxes measured in field studies. Some investigators simply determine a mean daily flux and multiply this mean flux by the number of days in the period of interest [e.g., Garrett and Cox, 1973 ] so that temporal variation in soil-CO2 fluxes is simply ignored. Other investigators attempt to account for temporal variation by interpolating fluxes between successive field measurements [e.g., Anderson, 1973; Phillipson et al., 1975] . If frequent field measurements are taken, interpolation can account for much temporal variation in soil-CO2 fluxes at a particular site. This approach implicitly assumes, however, that the temporal variability of climatic factors is constant over the region of interest when used to estimate regional fluxes. In a third approach, models based on observed relationships of daily soil-CO2 flux with daily temperature and/or soil moisture have been developed and then used with either mean daily data [e.g., Peterjohn et al., 1994] or mean biweekly data [Tsutsumi et al., 1985 ] to estimate annual fluxes. Unlike the interpolation approach, this modeling approach allows better consideration of the variability in soil-CO2 fluxes caused by both the spatial and the temporal variability of climate when estimating regional fluxes. Unfortunately, the direct use of monthly data with a daily model can introduce aggregation error [Rastetter et al., 1992] 
Development of Daily Model
The model (equation ( Peterjohn et al. [ 1993] . To estimate monthly or annual fluxes from a site using this relationship, we require daily soil temperature measurements from that site. Most study sites do not routinely measure daily soil temperatures and we do not expect a georeferenced database of daily soil tempera- 
Aggregation of Daily Model to Monthly

Resolution
To aggregate our daily model to a monthly resolution, we used the hierarchical approach described by Parton et al. [1992] , which is also a variation of the calibration approach described by Rastetter et al. [1992] . Daily air temperature data, collected at the Harvard Forest NOAA weather station from January 1, 1988, to December 31, 1991, were used to estimate daily soil-CO2 fluxes. We summed the daily fluxes for each month to obtain monthly soil-CO2 fluxes. These monthly fluxes were then compared to mean monthly air temperatures for the same time period. We found that an 
Comparison of Georeferenced Model Estimates to Site-Specific Data
To examine how well our monthly model predicted soil-CO2 fluxes at specific sites, we compare annual estimates from our model to the annual soil-CO2 fluxes from field observations ( Table 1) described by Raich and Schlesinger [1992] . We restrict our analyses to those sites that measured soil-CO2 fluxes throughout the year. Because our estimates represent rates from mature forests, we also restrict our analyses to sites that have not been disturbed for at least 29 years prior to field measurements. Of the 21 temperate forest stands used in the comparison (Table 1) coarse spatial scale of our georeferenced databases and our use of long-term average temperature data. For example, the model overestimates the soil-CO2 flux of a beech/fir forest stand ("1" in Figure 5a ) located at high elevation in Japan [Nakane, 1980] . In this case, the variation in temperature associated with elevational changes on a mountain occurs at too fine of a scale to be detected by our georeferenced database, which has a 0.5 ø longitude x 0.5 ø latitude spatial resolution. In another example, model estimates are compared to 3 years of soil-CO2 fluxes ("2", "3", and "4" in Figure 5a ) from the same evergreen oak forest stand [Kirita, 1971; Nakane, 1975] . The model underestimates fluxes for two of the years but provides a reasonable estimate for one of the years. Because our georeferenced data set of mean monthly air temperature is based on long-term averages of air temperatures, year-to-year variation in temperatures may have caused additional discrepancies between our estimates and observed soil-CO2 fluxes. Issues of scale do not explain all the outliers. Some discrepancies may be caused by the influence of other environmental factors not considered in our model, such as moisture or substrate quality. Despite these discrepancies our monthly modeling approach (Figure 5a ) estimates the observed soil-CO2 fluxes better than other approaches (Figures 5b-5d ). Because the mean biome flux approach (Figure 5b ) assigns a constant soil-CO2 flux to every grid cell, this approach will always either overestimate or underestimate fluxes measured at specific sites. In contrast, the estimates developed by extrapolating models with georeferenced databases (Figures  5a, 5c, 5d ) are able to track the spatial variation in the observed fluxes although models differ in their ability to track this variation. Our model is better at predicting soil-CO2 fluxes, in part, because our modeling approach attempts to account for temporal variation in fluxes in addition to spatial variation. In section 7 we will compare the aggregation error associated with several approaches used to aggregate field measurements of soil-CO2 flux temporally to estimate an annual flux at specific sites.
Significance of Temporal Aggregation Error Associated With Estimating Site-Specific Soil-COz Fluxes
To evaluate the importance of temporal aggregation error in estimating fluxes, we determine annual soil-CO2 fluxes from daily fluxes measured at the Harvard Forest during 4 years ( Table 2) (Table 2) . Because the mean measured fluxes are based on data collected for only 1.6 to 3.3% of the annual time periods, this approach misses much of the variation in soil-CO2 fluxes due to seasonal and day-to-day variations in temperature. As the number of sampling days increase, we find better agreement of this approach with the baseline data indicating that data must be collected with an adequate sampling frequency to determine a reasonable annual flux using this approach.
Our third aggregation approach uses the daily flux model (equation (3a)) with mean monthly temperatures to estimate an "average" daily soil-CO2 flux that was then multiplied by the number of days per month. Although this approach accounts for the seasonal variation in soil-CO2 fluxes over the year, fluxes are considered to be constant throughout any particular month. This "monthly constant model" (equation (6)) estimates annual soil-CO2 fluxes that are still 3.5% lower than the baseline fluxes at the Harvard Forest (Table 2 ). The small discrepancy between these estimates 
`/The correction factor (1.04) is determined by using the statistical expectation operator (see text).
indicates that the day-to-day variation in soil-CO2 fluxes is a small source of error in estimating monthly fluxes. In addition to the hierarchical or "calibration" approach described in section 4, Rastetter et al. [1992] suggest that aggregation error may be reduced by a "partial transformation" of the fine-scale relationships using the statistical expectation operator. In this approach, monthly soil-CO2 fluxes are determined using the daily flux model (equation (3a)) with mean monthly temperatures as described for the monthly constant model, but these estimates are adjusted by a correction factor determined by the aggregation procedure described in the Appendix. We calculate this correction factor to be a constant, 1.04 (see Appendix for details), indicating that the use of the monthly constant model (equation (6)) will underestimate the "true" monthly soil-CO2 fluxes by only 4%. This "adjusted monthly constant model" (equation (7) (Table 2 ) results from some unusually warm days in December that our calibrated monthly model, using mean monthly air temperature, is unable to detect.
Regional Soil-CO2 Flux Estimates
After extrapolating our calibrated monthly model (equation (4a)) with the georeferenced databases, we estimate that potential nonwetland temperate forest soils contribute 12.9
Pg C yr -1 as carbon dioxide to the atmosphere. This estimate is 39% higher than a regional estimate based on extrapolating mean biome soil-CO2 fluxes described by Raich and Schlesinger [ 1992] for temperate forests (Table 3) and 50 to 58% higher than the regional estimates based on extrapolating the annual soil-CO2 flux models (Table 3) Of the forest types, our model predicts the largest source of carbon dioxide (Table 3) to be mixed forests (34% of the estimate for all temperate forests) followed by broad-leaved evergreen forests (28%), deciduous (22%), and coniferous forests (16%). The relative contribution of carbon dioxide from broad-leaved evergreen forest soils is greater than its relative areal extent (Table 3) 
Significance of Spatial Aggregation Error Associated With Estimating Regional Soi!-CO2 Fluxes
To evaluate the importance of spatial aggregation error, we develop regional estimates of soil-CO2 flux using our calibrated monthly model with air temperatures aggregated at four spatial resolutions [cf. Burke et al., 1990 ]: global, hemispheric, biome, and grid cell (Table 4) . Because the grid cell resolution accounts for the most spatial variability in soil-CO2 fluxes of all the spatial resolutions, we use this resolution as a baseline for examining spatial aggregation error (Table 4) . To aggregate temperatures for an element at a particular spatial resolution, we average each monthly temperature over all the grid cells comprising the area of that element. For example, to obtain monthly air temperatures for an element representing all temperate forests in the northern hemisphere, we average monthly air temperatures over the 5650 grid cells comprising temperate forests in the northern hemisphere. We enter these averaged monthly temperatures into our calibrated monthly model to determine monthly soil-CO2 fluxes. After summing the monthly fluxes over the year, we multiply the annual fluxes by the corresponding areas of the elements. Then, we add the fluxes of each element together to obtain a regional flux estimate for all temperate forests at that spatial resolution. For the global and hemispheric resolutions, we proportion the fluxes from the various forest types based on their relative area for later comparison to fluxes estimated at a biome resolution (Table 4) .
By ignoring all spatial variations in soil-CO2 fluxes, the regional flux estimated at a global resolution is 9.3% less than our baseline estimate (Table 4) . By considering the forests in each hemisphere separately, we obtain a regional estimate that is 7.0% less than our baseline estimate. By accounting for differences in soil-CO2 fluxes from the different forest types, we obtain a regional estimate that is 5.4% less than our baseline estimate, indicating that soil-CO2 fluxes are still highly variable within biomes.
In general, soil-CO2 fluxes estimated from each of the different forest types also increase as more spatial variability is considered. At the biome resolution, however, fluxes from mixed, coniferous, and deciduous forests are less than the respective fluxes estimated at the global and hemispheric resolutions. Because monthly air temperatures aggregated over all broad-leaved evergreen forests are always higher than the aggregated temperatures of the other forest types (Figure 7) , the relative contribution of carbon dioxide from this forest type is underestimated at the global or hemispheric resolutions (Table 4) where YRC02 flux is the annual evolution of carbon dioxide from soils (g C m -2 yr-t), YRTair is the mean annual air temperature (degrees Celsius) and YRNDAYS is the number of days per year. After extrapolating this "annual constant" model with a georeferenced database, we obtain a regional estimate associated with the greatest amount of temporal aggregation error (Table 5 ). This aggregation error results from two sources: (1) the inability of the model to account for all temporal variations in fluxes (see section 7) within an element (i.e., model-specific temporal aggregation error); and (2) spatial differences in the temporal variations among the elements (see section 9) used to estimate regional fluxes (i.e., spatial!y dependent temporal aggregation error). To examine the influence of these sources of error on regional estimates, we extrapolate the annual constant model (equation (8)), the monthly constant model (equation (6)), the adjusted monthly constant model (equation (7)), and our calibrated monthly model (equation (4a)) with air temperatures aggregated at the four spatial resolutions described in (Table 5 ). The difference between the model estimates increases with finer spatial resolutions. Because the annual constant model uses annual rather than monthly data, this model does not consider spatial differences in the seasonal variability of air temperatures. As a result, the differences between the regional estimates of the models are due to both model-specific and spatially dependent temporal aggregation error. By using georeferenced databases with finer spatial resolutions, spatially dependent temporal aggregation error is reduced when estimating regional fluxes.
In contrast, the regional fluxes estimated by the monthly constant model are consistently 0.4 to 0.5 Pg C yr -• (3.4 to 4.2%) less than the fluxes estimated by our calibrated monthly model at all corresponding spatial resolutions (Table 5). As the georeferenced database defines seasonal variations of air temperatures for both of these models, the differences between the regional estimates are due only to model-specific temporal aggregation error. This error is insensitive to changes in spatial resolution because these models use input data with the same temporal resolution. In extrapolating our calibrated monthly model (equation (4a)) spatially, we assume implicitly that the variation of the mean daily air temperatures from the mean monthly air temperature for all temperate forests is similar to that found at the Harvard Forest. This variation, however, may be spatially dependent like the seasonal variation of air temperatures. We do not consider this component of aggregation error because we do not have any georeferenced information about the variation of the mean daily air temperatures from the mean monthly air temperature (e.g., standard deviation). If such information becomes available, the adjusted monthly constant model (equation (7)), which explicitly considers this variability, may provide a better approach to estimate regional soil-CO2 fluxes than our calibrated monthly model. Based on currently available information, our calibrated model estimates regional fluxes similar to the adjusted monthly constant model (Table 5) . 
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